Introduction

35
The co-existence of waves and currents is a common feature of most marine environments. 36
Nonlinear wave-current interaction is an important topic in both coastal and offshore 37 engineering. Giant waves (freak waves) have been registered in many regions of the oceans, 38 especially off the east coast of South Africa, where strong interactions between waves and 39 opposing currents exist (Mallory 1974 ; Kharif and Pelinovsky 2003) . In these cases, the 40 opposing current significantly augments the wave height and steepness, resulting in 41 considerable hazards for ships and offshore structures. During the past several decades, wave-42 current interaction has been the subject of numerous research efforts. Most of them are well 43 documented in the review articles by Peregrine (1976) , Jonsson (1990) as well as Thomas and 44 Klopman (1997) . 45 In many practical instances the current velocity varies significantly with depth, leading to the 46 creation of a velocity profile, for example, with a wind-driven current where the magnitude of 47 where m a are coefficients to be determined.
168
Zeroth-Order Deformation Equation 169
In the framework of HAM (Liao, 2003) , there is great freedom to choose the linear auxiliary 170 operator. According to the linear part of the nonlinear boundary conditions (13) and (14), two 171 linear auxiliary operators are chosen as: 172 
  (25) 176
Based on the nonlinear boundary conditions, two nonlinear operators can be defined as: 177
Then the zeroth-order deformation equation can be constructed as: 180
which subject to the bottom boundary condition: 182
and the two nonlinear boundary conditions on ( ; ) z q 
where 1 b is an unknown constant to be determined later.
249
Solution Procedure 250
Considering the rule for solution expressions (19) and (22) The flume is equipped with a hydraulically driven piston-type wave maker, while wave 291 absorbers are equipped on the other end to absorb the incident wave energy. The following and 292 opposing circulating currents are generated by a pump located near the wave maker. 293
The time series of water surface elevations are recorded by three capacitance wave gauges, 294 which are represented by filled circles in Fig. 2 . These gauges are placed along the flume with 295 a spacing of 0.5 m. The absolute accuracy of these wave gauges is on the order of ±1 mm. 296
The duration of each record is 120 s. The sampling frequency is 50 Hz. 298 Both current and wave particle velocity measurements are made using a Nortek acoustic 299 Doppler velocimeter (ADV) with velocity range 1m/s, sampling rate 200 Hz, and specified 300 accuracy of 1 mm/s. Detailed measurements of the vertical current profile and wave particle 301 profile along the centreline of the flume are carried out. 302
Wave-Current Condition 303
The experimental conditions are listed in Table 1 waves from W1-W3 superimposed on an opposing current. The specified wave periods input 308 to the wave-making system for all cases are set to 1 s, while the corresponding wave periods 309 measured are almost constant around 1 s. These consistent values indicate that the assumption 310 of a constant wave period during wave-current interaction is a reasonable one for this theoretical 311 study. On the other hand, it is noted that differences between measured wave heights and 312 specified ones will not affect the experiment results as the measured wave heights will be used 313 in post-processing. 314
In the present experiments the measuring section is located 15 m off the wave maker. At this 315 location it is possible to generate the required test conditions for the duration of sufficient wave 316 cycles. During this period regular waves coexist with the current, and the relevant experimental 317 data are recorded before the incident wave train is disrupted by reflected waves travelling in the 318 opposite direction. Fig. 3(a-d) shows a typical time history of the wave-only surface elevations.
As can be seen in Fig. 3(a-d) cases as shown in Fig. 5(c1-c2, d ). As seen in Fig. 5(c1-c2, d) , the latter parts of the time 336 histories of wave elevations for Cases WFC3 and WOC3 (around 55 to 95 seconds), as well as 337 WFC4 (around 40 to 90 seconds), appear to be unstable. Since it is not the focus of the 338 present study, no special wave gauges were arranged to obtain sufficient data to study 339 the instability due to 3D perturbation effects in the experiment. In the present paper, the 340 experimental measurements are used to make a comparison with the 2D HAM solution 341 without any perturbation. Only the relatively stable parts of the time histories (after the initial 342 phases) for Cases WFC3 and WOC3 (around 40 to 50 seconds), as well as Case WFC4 (around 343 15 to 30 seconds), as shown in the box in Fig. 5(c1-c2, d) , were utilized in post-processing. 344
These stable sections were extracted and compared to those of the wave-only Cases W3 and 345 W4 as shown in Fig. 4(c-d) . In addition, Fig. 5(a1-a2, b1-b2) ).
353
Results and Discussion
354
The analytical model, which is proposed as a solution of the interaction between nonlinear 355 waves and a uniform current, has been validated by comparing analytical results against 356 experimental data in the following subsection. Based on the accurate homotopy series solutions, 357 the variation in flow characteristics due to the nonlinear interaction between steep waves and 358 strong opposing currents is further examined in detail, together with the influence of water 359 depth. 360
Validation of the Analytical Model 361
To validate the analytical model for nonlinear wave-current interactions, the analytical 362 solutions are compared with the experimental measurements of wavelength and wave steepness. 363
As shown in Table 2 , it can be seen that the wavelength and wave 366 steepness obtained by HAM are in good agreement with the experimental data for waves with 367 and without a current. As shown in Table 2 i.e., the experimental data and analytical solution for wave steepness are 0.090 and 0.085 372 respectively. The relative error between these values is 5.6%, which indicates that even for this 373 case, the agreement between the analytical solution and the experimental data is acceptable. As 374 shown in Table 2 , the maximum total averaged residual square error It is of interest to validate the effectiveness of the present model for the prediction of wave 378 kinematics. The HAM solutions of horizontal velocities of water particles at the crest and trough 379 are compared to the corresponding experimental data. In addition, the present HAM solutions 380 and experimental measurements are also compared to numerical results obtained by the Fourier 381 approximation method (Fenton, 1988) . Fig. 7 shows the comparison of horizontal particle 382 velocities at wave crest and trough between theoretical solutions and experiments (for cases 383 WFC1-4 and cases WOC1-3). It can be observed that the present solutions agree well with the 384 numerical results obtained by the Fourier approximation method. It is worth noting that thecurrent distributions measured in the experiments have boundary layers near the bottom, 386 resulting in a weak influence on the water wave dynamics (see Fig. 7) . Therefore, the 387 discrepancy in the wave kinematics near the bottom is mainly attributed to the shear current 388 that occurs due to the bottom boundary effect. However, it will not influence the effectiveness 389 of the present analytical model to predict wave characteristics near the free surface. 390
The comparisons presented above indicate that the present analytical model is capable of 391 producing reliable predictions for nonlinear wave-current interaction in water of finite depth. 392
In the next subsection, we will further investigate the interaction of steep waves and a strong 393 opposing current and the influence of the opposing current and water depth on the wave 394 characteristics. 395
Study of Wave-Current Interaction 396
To examine the influences of a strong opposing current and water depth on the free surface 397 and wave steepness, further analytical calculations with the validated model are presented in 398 this section, and two sets of the wave-current parameters are listed in Table 3 and Table 4,  399 respectively. 400
The Influence of an Opposing Current 401
For a given initial wave period, the influence of an opposing current on the free surface of a 402 nonlinear wave is considered by varying the opposing current velocities from -0.15 m/s to -0.4 403 m/s at an interval of 0.05 m/s (Table 3 ). To investigate how decreases in water depth influence wave steepness for the case of waves 471 coexisting with an opposing current, the initial wave period is also kept constant throughout. 472 Then the influence of water depth on the wave steepness under different opposing current 
